Supramolecular nanovalves are an emerging class of important elements that are functionalized on the surfaces of inorganic or hybrid nanocarriers in the constructions of smart cargo delivery systems. Taking advantage of the pseudorotaxane structure via host-guest complexation and the dynamic nature of supramolecular interactions, macrocyclic arene-based supramolecular nanovalves have shown great promise in the applications of drug delivery and controlled release. Careful selection of diverse external stimuli, such as pH variations, temperature changes, redox, enzymes, light irradiation, and competitive binding, can activate the opening and closing of the nanovalves by altering the supramolecular structure or binding affinities. Meanwhile, the porous solid supports in controlled release systems also play an important role in the functionalities of the nanocarriers, which include, but not limited to, mesoporous silica nanoparticles (MSNs), metal-organic frameworks (MOFs), core-shell nanomaterials, and rare-earth porous nanomaterials. The elaborate decoration by macrocyclic arenes-based supramolecular nanovalves on porous nanomaterials has provided intelligent controlled release platforms. In this review, we will focus on the overview of supramolecular nanovalves based on two typical macrocyclic arenes, that is, calixarenes and pillarenes, and their operation manners in the controlled release processes.
Introduction
The rapid development of nanoscience and nanotechnology in the past few decades has accelerated the blooming of a bunch of newborn materials in nanoscale and microscale. The miniaturization of devices also occupies an important part in the research scope of materials science and engineering. Hence, nanomaterials have received considerable attention among scientists since last century, because of their captivating properties originated from their nano sizes and superior performance in a broad range of applications, including catalysis, [1] sensing, [2] single molecule detection, [3] energy harvesting and storage, [4] and theranostics. [5] Therefore, the exploitation of functional nanomaterials holds significant promise in solving the most challenging scientific problems that exist in the modern world.
One important field where nanotechnology would bring much benefit lies in targeted drug delivery and controlled release in microscopic world applications. Among the large family of nano-sized materials, porous nanomaterials has been intensely investigated for controlled release of small molecules. Comparing with organic cargo carriers such as liposomes, micelles, and nanogels, inorganic porous nanomaterials possess high rigidity, chemical inertness, uniform, and tailorable pore sizes, large surface areas, as well as unlimited possibilities of surface functionalization. [6] Because of these advantageous features, the synthetic nanoscaffolds with regular porosities have been constructed as solid supports for the storage and transport of small molecules, providing proper protection against influential factors from external environment, such as enzymatic degradation. For instance, mesoporous silica nanoparticles (MSNs) are typical inorganic porous materials that are utilized as inorganic nanocarriers for the delivery and controlled release of drugs for theranostic purposes. [7] Subsequently, metal-organic frameworks (MOFs) emerged as a novel type of hybrid porous materials that are created with metal ions (or clusters) bridged by organic ligands, also finding great potential in drug delivery systems. [8] Both possessing good biocompatibility, low toxicity, and high payload, MSNs and MOFs have been considered as outstanding candidates for transportation and controlled release of cargo molecules. [9, 10] Moreover, succeeding researches were performed based on the fabrication of more complicated nanostructures in order to expand inherent functionalities of the nanocarriers. Correspondingly, core-shell porous nanomaterials were developed with much endeavor for applications of controlled cargo release, which always involve metallic cores and porous shells, possessing integrated functions of both moieties. In addition, other types of inorganic supports with porosities containing diverse components have also been developed, such as upconversion porous materials. [11] X.-Y. Lou, Y.-P. Li Apart from porous solid supports, another vital component of a controlled release system is the tailored machinery on the pore orifices. [9] For one thing, the pores of nanocarriers require to be properly blocked after cargoes have been loaded, in order to prevent the payload from escaping. For another, to realize the targeted delivery and controlled release of the cargo molecules, the gated pores have to be opened under particular circumstances or upon specific external stimuli. Therefore, the decoration on the surfaces and pore interiors of solid nanocarriers with switchable organic machinery is of great significance. Correspondingly, the concept of host-guest chemistry has been introduced in the investigations focusing on surface modification of inorganic porous nanomaterials for the purposes of encapsulation and on command release of cargoes. [7, 9, 12, 13] As a seminal branch of supramolecular studies, host-guest systems, containing macrocyclic molecules, and their guest entities, have been subjected to intensive investigations and extensive exploration because of their unique properties of selective recognition and specific stimuli responsiveness, which originate from the dynamic nature of noncovalent interactions. [14, 15] Taking advantage of these desirable characteristics, various organic functional materials have been constructed based on host-guest chemistry of supramolecular macrocycles, including tunable supramolecular polymers, [16] [17] [18] supramolecular nanoparticles, [19, 20] and supramolecular organic frameworks (SOFs). [21] However, since the milestone-like evolution, that is, (supra)molecular machines transferring from the solution phase to surface without losing inherent functionalities, was demonstrated by Stoddart and other researchers, [22] the operation scenario of host-guest systems have also been changed from solutions to solid surfaces for the fabrication of artificial intelligent nanodevices. [23] Based on these inspiring researches, the modification of host-guest systems onto the surfaces of inorganic/hybrid porous nanocarriers are performed for controlled release, and the anchored organic machinery is designated as nanovalves. [13] Ordinarily, the structure of a typical supramolecular nanovalve always comprises a rod-like molecule covalently linked to the solid surface, which is called the stalk, and a macrocyclic wheel that encircles the stalk via host-guest interactions. The binding between the stalks and macrocycles should be strong enough to efficiently block the orifices and susceptible to particular environmental factors in the meantime for the effective operation of the nanovalves. [13] Accordingly, the binding affinities and stimuli responsiveness of the host-guest systems are quite important, both of which depend on their molecular structures and the noncovalent interactions that connect different groups. Therefore, the macrocycles are required to be tunable in structure and able to undergo a wide range of modification. Macrocyclic arenes, including calix[n]arenes (SC[n]A) and pillar[n]arenes (pillarenes) mainly, have been utilized as capping agents in the fabrication of supramolecular nanovalves because of their unique electron-rich cavities, cyclic molecular structures, comparably higher tunability, low toxicity, and selective host-guest properties. [24] Calixarenes possess a flexible and confirmation changeable calix-shaped structure with a wider upper rim and a narrow lower rim since their phenolic groups are linked (Figure 3a) by methylene bridges at meta-positions, [25] while pillarenes have a relatively rigid pillar-shaped structure whereas the repeating phenolic units are connected by methylene bridges in the para position. [26] Both macrocyclic arenes have been investigated with much effort and their functionalization and host-guest properties have been well studied. [27] [28] [29] With all the previous research foundation, supramolecular nanovalves constructed with calixarenes and pillarenes have emerged as powerful machinery on porous solid scaffolds to afford smart controlled release via rational stimulating operations, which comprise divergent external stimuli such as pH, temperature, redox, enzymatic activities, NIR, and competitive binding. So in this review, we will give a comprehensive introduction on supramolecular nanovalves based on the two typical macrocyclic arenes equipped on solid surfaces of porous nanocarriers, including MSNs, MOFs, core-shell nanomaterials, and rare-earth porous nanomaterials, as well as the operation mechanisms of the nanovalves, mainly developed by our research team. Expectations for the future development of this research field are illuminated in the end of the review.
Macrocyclic Arene-Based Nanovalves on MSNs
In 2013, our research group reported the first example of calixarene-based nanovalves on MSNs for controlled cargo release. [30] With choline derivatives anchored on MSNs as stalks, SC [4] A was capped onto the exterior of the nanoparticles by forming 1:1 host-guest complexes with choline and served as gatekeepers for the mesopores, preventing the loaded cargo, Rhodamine B (RhB), from leakage. Taking advantage of the molecular structures of choline derivatives, which contained ester or urea bonds, the stalks would undergo enzymatic cleavage, causing the departure of the upper sequence and the SC [4] A hosts that were threaded on it. In this way, the nanovalves were opened and the cargo was released.
Successively, our group carried on the research by fabricating another type of MSNs functionalized with calixarene-or pillarene-based nanovalves for cargo delivery. [31] Instead of employing enzymatic cleavage as the stimulus, the macrocyclicarene-based nanovalves were responsive to the addition of acetylcholine (ACh), a neurotransmitter that is secreted by presynapse for signal transduction. Because of the competitive binding endowed by ACh, the macrocycles were removed from the stalks, leaving the pores open and releasing the loaded cargo into the ambience. The MSNs equipped with ACh-competitionresponsive nanovalves possess potential for in vivo drug delivery in nerve disease therapy.
Because both enzymes and neurotransmitters are typical components in the microenvironments of living organisms, the responsiveness toward them of the nanovalves is of great importance for the design and construction of smart drug delivery materials. The abovementioned researches have paved the way to fabricate drug delivery systems comprising MSNs with calixarene-based supramolecular nanovalves equipped on it while recruiting inherent stimulating factors in intracellular environment to trigger the release.
In 2016, another novel type of dual-responsive supramolecular nanovalves was designed and functionalized onto the surface of MSNs by us. [32] The stalk moieties, comprising of disulfide bonds and alkylammonium groups, could efficiently bind to SC [4] A or SC [6] A and form stable host-guest pairs, which resulted in the capping of the pores and encapsulation of the cargo. With a high concentration of L-glutathione (GSH), an important antioxidant in organisms, disulfide bonds of the stalks could be cleaved, causing the nanovalves to be activated and the cargo released. Meanwhile, pH changes of the solution also influenced the host-guest interactions between the stalks and SC [4] A/SC [6] A, as the release rate was found higher at a lower pH value. Considering the comparably higher GSH concentration and acidic conditions in cancer cell cytosol, it could be expected that the dual-responsive supramolecular nanovalves could be operated efficiently and specifically for in vivo drug delivery in cancer therapy.
With the foundation of calixarene-based nanovalves, much effort has been devoted by researchers in the construction of pillarene-based supramolecular nanovalves for the purpose of controlled release. Together with Stoddart, our research group reported the first example of MSNs functionalized with pillarene-based nanovalves for controlled drug delivery. [33] In this study, pyridinium stalks were modified onto the surface of MSNs and encircled by carboxylatopillar [5] arene (CP5) to afford the supramolecular nanovalves after cargo molecules (dyes or drugs) were loaded into the pores. Because the addition of acid could protonate CP5 macrocycles, while methyl viologen binds to CP5 more strongly in comparison with the stalks, either lowering pH value or introducing competitive binding weakened the host-guest interactions between CP5 and the stalks. Thus, the nanovalves could be efficiently activated by those two kinds of external stimuli, realizing on command cargo release.
In 2014, Du's group reported triple-stimuli responsive drug delivery systems comprising carboxylatopillar [6] arene (CP6)-valved MSNs (Figure 1) . [34] Dimethylbenzimidazolium or bipyridinium groups were functionalized on MSNs as stalks and were encircled by CP6 after cargo molecules, that is, doxorubicin (DOX) or Ru(bipy) 3 Cl 2 Á 6H 2 O, were entrapped into the mesopores of MSNs. Accordingly, the release of cargo was successfully induced by acidic pH, metal chelating or competitive binding, because under these conditions CP6 was either protonated or robbed, leading to the breakage of the host-guest interactions. Similarly, the same group fabricated another hybrid nanomaterial for controlled drug delivery. [35] In this study, phosphonated pillar [5] arene (PP5) was synthesized to form supramolecular nanovalves for the first time with stalks based on choline and pyridinium moieties functionalized on MSNs, respectively. Remarkably, the PP5-based nanovalves also responded to stimuli including acidification and methyl viologen, because of the protonation of phosphonate groups and competitive binding, respectively. Apart from activations of pH variation and competitive agents, the coordination of phosphonates by zinc ions could also weaken the host-guest interactions between PP5 and stalks, causing the release of loaded drug.
As the researches discussed above have demonstrated, considering the complexity of living organism environment, nanovalves with multiple stimuli responsiveness always exhibit optimized performance for in vivo drug delivery. For example, Fu et al. reported triple-stimuli responsive nanocontainers with pillarene-based bistable [2] pseudorotaxanes as nanovalves, in which the stalk was designed with dual binding sites for CP5, that is, 1,6-hexanediammonium as linkages, and 1-(6-aminohexyl)-pyridinium as ending groups (APy). [36] In neutral solution, the noncovalent binding between CP5 rings and HDA recognition stations efficiently gated the MSN orifices and guaranteed no premature release of cargoes (RhB and DOX). The release rates of the cargoes were tested via UV-vis spectroscopic measurement at different pH values (from pH 2.0 to pH 12.0). Negligible leakage was observed in neutral solution environment, while in both acidic and alkaline range of pH, significant amounts of cargo molecules were released from the MSN pores. On one hand, as pH increased, the deprotonation of 1,6-hexyldiammonium severely decreased the binding affinity between CP5 and HDA groups, resulting in the directional movement of CP5 wheels from HDA stations to APy sites and the loose of the nanovalves; on the other hand, upon acidification, the carboxylate groups of CP5 were protonated, leading to the departure of CP5 rings from the stalks. Moreover, Zn 2þ coordinated with the carboxylate groups of CP5 and form chelated complexes, which could no longer bind to either recognition site of the stalks, causing the release of the entrapped cargoes. Furthermore, this triple-stimuli responsive controlled release nanosystem performed high biocompatibility and low cytotoxicity, thus can be applied for targeted drug delivery. Importantly, although the researches that we have discussed above focused on bioapplications including targeted drug delivery, MSNs equipped with pillarene-based supramolecular nanovalves have also been reported for other real-world applications like smart anticorrosion coatings. Accordingly, Fu's group performed further study focusing on controlled release of corrosion inhibitor and "feedback" active coating on magnesium alloys, utilizing the identical bistable stalks and water-soluble CP5 as nanovalves. [37] Interestingly, in the design of this controlled release system, the corrosion inhibitor could be efficiently applied in both anodic and cathodic locations of the corrosion regions, because of the responsiveness of the nanovalves toward Mg 2þ and alkali, respectively. Furthermore, the dual-responsive nanocontainers were dispersed into selfassembled nanophase particles coating, which possessed desirable self-healing properties. This desirable integrity of the smart anticorrosion system highly promoted its possibility in real-life applications.
For another instance, Fu et al. constructed quadruple stimuliresponsive MSNs for controlled cargo release, which could be applied in both therapeutic areas and anticorrosion coatings. Water-soluble CP5 was encircled on stalks comprising two binding motifs, that is, cystamine and N-butoxybenzene, forming pseudo [2] rotaxanes via host-guest complexation, which as a whole acted as nanovalves for the nanocontainers. On account of the molecular structure of the host-guest complexes, factors of higher or lower pH, the increase of Zn 2þ , could weaken the binding affinity between CP5 and the stalks (or the binding sites), either loosing the nanovalves or opening the gates. Meanwhile, the disulfide bonds could be cleaved by redox activations, causing the departure of the blocking entities and the release of cargo molecules. What is worth mentioning is that both cell experiments and anticorrosion experiments for aluminum alloys have been performed when the mechanized MSNs were loaded with DOX and anticorrosion inhibitor, benzotriazole, respectively, proving the application potential for targeted drug delivery and responsive anticorrosion coatings.
Beside traditional MSNs, hollow MSNs (HMSNs) functionalized with pillarene-based supramolecular nanovalves have also been constructed by Huang and coworkers for intracellular pHresponsive controlled drug release. [38] Water-soluble CP5 was immobilized on HMSNs through host-guest interactions for encapsulation and pH-responsive release of the drugs inside the vectors because of the protonation of both CP5 and the diaminecontaining stalks. Remarkably, HMSNs could decompose into water-soluble fragments, rendering this nanocarrier more biocompatible.
Importantly, even though most supramolecular nanovalves consist of stalk entities grafted on the solid nanocarriers and the macrocycles that encircle the stalks, innovations have been made through immobilizing the macrocyclic wheels on inorganic nanoparticles, such as noble metal nanoparticles. [39] Thus, instead of mere macrocycles, the modified nanoparticles acted as the blocking agents for the cargo-loaded pores. In 2016, our group reported the fabrication of MSNs gated by CP5-modified AuNPs for on command drug delivery (Figure 2) . [40] CP5-AuNPs were synthesized through in situ preparation with an average diameter of 2.36 nm, while the quaternary ammonium salt functionalized MSNs possessed 2D hexagonal pores of 2-3 nm in diameter, so the sizes of the blockage and the channel were in excellent match. Hence, the MSNs were well gated by CP5- www.advancedsciencenews.com www.biotechnology-journal.com
AuNPs, driven by host-guest interactions between CP5 and quaternary ammonium containing stalks, showing negligible leak of the cargo molecules (RhB). Interestingly, the addition of ethyldiamine could effectively lead to the dissociation of CP5 and stalks, resulting in the gate-opening and cargo release. Meanwhile, the increased temperature also caused the departure of CP5-AuNPs via weakening the host-guest complexation. Performing dual responsiveness toward competitive binding agents and external heating, this hybrid drug delivery nanosystem provided a new method for pore sealing and nanovalve designing while sustaining the nice characteristics of previous specimens of identical cohort of materials.
Macrocyclic Arene-Based Nanovalves on MOFs
In 2015, the first demonstration of monodisperse mechanized nanoMOFs, for which CP5 served as the movable parts of the pH-and competition-responsive nanovalves to achieve the controlled release of drugs, was reported by our research group (Figure 3) . [41] By post-synthetic modification, positively-charged pyridinium stalks were functionalized onto the surface of UMCM-1-NH 2 , then CP5 macrocycles in the state of sodium salts were threaded onto the stalks, forming [2] pseudorotaxanes via host-guest interactions, to encapsulate the model drug or drug molecules inside the pores of NMOFs. While the gated NMOFs were able to maintain the "closed" state at neutral or basic pH, upon addition of acid (pH 5), CP5, as the ring of the [2] pseudorotaxane, was protonated and neutralized, which strongly weakened the binding affinity between the ring and the stalk and thus caused the opening of the nanovalves. Meanwhile, the separation of the ring and the stalk could also be induced by introducing methyl viologen salts into the system through competitive binding, which possessed a higher binding constant with CP5 comparing to the pyridinium stalk.
In the same year, our group demonstrated another study of immobilizing supramolecular nanovalves on the exterior of MOF pores for the purpose of cargo encapsulation. [42] A multiple-stimuli-responsive theranostic platform was constructed for 5-fluorouracil (5-Fu, a type of anticancer drug) delivery, which consisted of Zr-based monodispersed NMOFs and CP5-based supramolecular nanovalves. Positively-charged quaternary ammonium salt was for the first time anchored onto UiO-66-NH 2 as stalk, to which CP5 was able to bind and form [2] pseudorotaxane structure, gating the pores of the nanocarriers and regulating the release of the cargo. Because of the higher binding affinity between Zn 2þ and CP5, the ring of the nanovalves could be dethreaded from the stalks, thus releasing 5-Fu from the NMOF pores. Additionally, rising temperature could also stimulate the drug release since the host-guest interactions between CP5 and the stalks were weakened. Due to the universally elevated concentrations of zinc element in cases such as central nervous system diseases, and external heating as a typical cancer treatment, this novel type of dual-responsive hybrid nanocarriers holds the potential for targeted drug delivery in the treatment of central nervous system diseases or cancer in alliance with conventional physical therapy.
Following the previous research, we succeeded in fabricating triple-responsive mechanized Zr-MOFs gated with CP5 www.advancedsciencenews.com www.biotechnology-journal.com macrocycles for on-command drug release in bone disease therapy. [43] Constructed via the identical procedure, CP5-capped UiO-66-NH 2 loaded with 5-Fu proved to be responsive to Ca 2þ , acidification and external heating, among which any single stimulus would trigger the release of the drug. According to the characteristics of bone disease including high concentrations of Ca 2þ and low pH value, the nanovalves on this nanocarrier were able to operate efficiently within the diseased region through coordination between CP5 and calcium ions and the protonation of CP5 sodium salts. Furthermore, the activation of the nanovalves could also tune the pH conditions and Ca 2þ concentrations due to the same mechanism. Since higher temperature can weaken host-guest interactions between CP5 and the stalks, the drug release could be enhanced by the collaboration of local thermotherapy. With minor premature release, low cytotoxicity, nice biocompatibility, and most of all, desirable stimuli responsiveness, the newly prepared hybrid nanomaterial can be considered as a promising candidate for bone regeneration and cancer treatment.
Beside the above-mentioned MOFs, zeolitic imidazolate frameworks (ZIFs), as another type of organic-inorganic hybrid porous materials have also attracted much attention in the field of controlled drug release. Most recently, Pei et al. reported pillar [6] arene-based nanovalves on the surface of DOX-loaded ZIF-8 for pH-responsive targeted drug delivery. Different from the previous methodologies, that is, anchoring stalks on solid scaffolds and encircling them with macrocyclic arenes to close the nanovalves, water-soluble carboxylatopillar [6] arene (CP6) was immobilized onto ZIF-8 surface via coordination between the carboxyl groups and the metal nodes (Zn 2þ ) of ZIF-8. Thus, the macrocycles acted as the solubilizing agents for the inorganic frameworks in aqueous environments and the binding sites for the targeting guest molecules, a pyridine-ended galactose derivative, which performed preferable affinity for hepatoma cancer cells according to their galectin overexpression. Through host-guest interactions, the pyridine groups of guest entities were included into the cavities of pillarenes and efficiently blocked the DOX-filled pores. Because of the specific recognition towards hepatoma cancer cells, the gated nanocarriers were able to assemble in the targeted areas and respond to the low pH values by opening the nanovalves and releasing DOX. Combining cancer cell targeting and controlled drug release in one system, this work has also set a good example for constructions of supramolecular hybrid materials in the applications involving cancer therapy.
Macrocyclic Arene-Based Nanovalves on Core-Shell Nanomaterials
Core-shell nanomaterials, as an emerging type of nanostructured scaffolds, has attracted much attention due to their tailorable properties and the captivating synergy between cores and shells. [44] In the field of controlled release, much dedication has been made in the construction of core-shell nanomaterials with porous shells and plasmonic or magnetic cores, because of the integrated abilities of entrapping cargoes and photothermal properties or magnetic resonance imaging capacities. So far, porous shells including MSNs and MOFs have been utilized to coat nanosized core materials, such as AuNRs, and magnetic nanoparticles. Similarly, supramolecular nanovalves were surface-installed on the shell materials to serve as gatekeepers in Figure 3 . Schematic illustration of MOFs gated by pillar [5] arene-based nanovalves that is responsive to pH and competitive binding.
www.advancedsciencenews.com www.biotechnology-journal.com order to fabricate on command release systems with multiple functions.
Our research group has engaged in the constructions of coreshell nanomaterials gated by macrocyclic arene-based nanovalves. For example, we first reported a hybrid platform for cancer theranostics with mesoporous silica-coated gold nanorods (AuNR@MSN) in 2014, [45] of which the exterior pores were gated by SC [4] A through the host-guest interaction with the quaternary ammonium stalks (Figure 4) . Taking advantage of the plasmonic photothermal conversion effect of AuNRs, nearinfrared light can be absorbed and converted into heat, resulting in the decrease of the binding affinity between SC [4] A and the stalks and the opening of the gate. Apart from the controlled release of the cargo, hyperthermia caused by plasmonic heating could efficiently accelerate the death of cancer cells. So for this drug-delivery system, both remote continuous release and photothermal therapy were realized upon the irradiation of biofriendly near-infrared (NIR) light, paving a new way for noninvasive drug release and synergistic cancer therapy. Subsequently, Du et al. reported another hybrid drug delivery system containing AuNRs coated with MSN shells, with PP5-based nanovalves capping the pores. [35] In comparison with the work discussed in section 2, this core-shell AuNR@MSN possessed higher release efficiency when irradiated by NIR light, because the photothermal effects of AuNRs generated elevated temperature, which weakened host-guest interactions between PP5 and stalk moieties. Together with thermotherapy, the antitumor efficacy of this hybrid core-shell material was noticeably enhanced, bearing potential for further bioapplications.
In the past decade, researchers have been intrigued by the hybridization between MOFs and other inorganic nanomaterials to afford multifunctional cargo delivery materials, such as magnetic core-shell MOFs. [8, 46, 47] For example, our group developed a multifunctional pillarene-based nanovalve-gated core-shell hybrid nanoplatform (Fe 3 O 4 @UiO-66) for imagingmediated controlled drug release, with Fe 3 O 4 nanoparticles serving as the core and UiO-66 as the shell. [48] Taking advantage of the unique magnetic resonance imaging (MRI) properties of Fe 3 O 4 nanoparticles, the cargo-uptake capacity of the MOF shell and the pillarene-based nanovalves, this nanoplatform demonstrated desirable performance of MRI guidance, long sustained drug release (over 7 days) and responsiveness toward pH variation, temperature, and competitive agents (Ca 2þ /Zn 2þ ). Successively, our group reported another hybrid core-shell nanosystem for chemo-photothermal therapy. [49] UiO-66 was grown onto the exterior of polypyrrole nanoparticles, an organic photothermal agent, to afford core-shell nanocarriers, while pillar [6] arene-based nanovalves were installed on the surface of 5-Fu loading UiO-66 pores as the gatekeeper. Folic acid-modified polyethyleneimine was also modified on the shell as another major targeting entity due to the recognition of folic receptors on tumor cells. The nanovalves could be opened upon acidic conditions in tumor tissues and release 5-Fu, realizing chemotherapy. Meanwhile, thermal effect occurred under NIR irradiation because of the photothermal conversion capacity of polypyrrole nanoparticles. This synergistic therapeutic nanosystem performed good biocompatibility, anticancer efficacy, and targeting ability, making a nice candidate of multifunctional biomedical nanomaterials.
Beside biological applications, Fu et al. reported nanovalvegated core-shell nanomaterials for the storage and controlled release of the corrosion inhibitor, 8-hydroxyquinoline (8-HQ). [50] Fe 3 O 4 nanoparticles were coated with MSN shells, on which www.advancedsciencenews.com www.biotechnology-journal.com disulfide-and methyl viologen-containing stalks were anchored. The exertion of an external magnetic field could gather the hybrid nanocontainers near the surface of the magnesium alloy. When corrosion occurred, the low corrosion potential could cause the release of 8-HQ because of the cleavage of the disulfide bonds. The effective operation of the nanovalves largely supported the quick response towards the corrosion of alloys.
Macrocyclic Arene-Based Nanovalves on Rare-Earth Porous Nanomaterials
Rare-earth nanomaterials are another important class of inorganic nanomaterials, receiving much attention because of their unique upconversion abilities and high surface activities. [51] More importantly, their potential applications in biological events have also rendered them as nice candidates in nanomedicine and disease theranostics. Most recently, Pei et al. reported a synergistic redox-responsive drug delivery system comprising of porous CeO 2 nanorods (CeONRs) gated with galactose functionalized pillar [5] arene as nanovalves. [52] In this study, CeONRs not only acted as nanocarriers for DOX but also the anticancer agents, because of their abilities to induce oxidative stress and cause the peroxidation of lipid and leakage of cancer cell membranes. Meanwhile, galactose-functionalized pillar [5] arene was synthesized to cap the pores of CeONRs via host-guest interactions with disulfide-containing stalks, which could respond to GSH stimulus and be cleaved by redox activations. Remarkably, possessing specific capacity of recognizing cancer membranes, the hybrid nanocarriers were able to kill cancer cells selectively, leaving normal tissues unharmed. Therefore, cancer cell targeting, GSH responsiveness, drug carrying, and chemotherapy had been integrated in one system, providing a new strategy of constructing hybrid nanocarriers with enhanced cytotoxicity for cancer chemotherapies.
Conclusions
In conclusion, supramolecular nanovalves based on synthetic macrocyclic arenes modified on solid nanocarriers including MSNs, MOFs, core-shell nanomaterials, and upconversion porous nanomaterials have been summarized and discussed in detail on their fabrication and operation processes. With pillarenes and calixarenes serving as smart gatekeepers for the cargo-loading channels/orifices, superior characteristics have been exhibited by the supramolecular nanovalve-functionalized nanocarriers, responding to a variety of types of internal and external stimuli, including pH activation, enzymes, redox reactions, competitive binding, light, and thermal stimulation. Desirable targeting abilities, efficient operation and precise responsiveness have been endowed to the mechanized nanocarriers, owing to the versatile functionalization and dynamic host-guest properties of synthetic macrocyclic arenes. In collaboration with other functional nanomaterials like AuNPs, AuNRs and magnetic nanoparticles, the nanovalve-modified nanocarriers are able to integrate site-specific delivery, on command drug release, real time monitoring, remote control, and synergistic therapeutics.
However, although porous nanocarriers with macrocyclic arene-based nanovalves have been intensely developed in the last few years, there remain obstacles to be overcome and improvements to be made. First of all, despite the fact that MSNs, MOFs and other solid supports have proved to be biocompatible and shown low cytotoxicity for in vivo drug delivery, the distribution in blood circulation, metabolic mechanisms in organisms, and their eventual excretion pathways have not been deeply investigated yet, which may stand as a main hindrance for clinic applications. Second, as supramolecular chemistry advances, newly synthesized macrocyclic arenes with different conformations are gradually emerging, performing unique hostguest properties, [53] which hold the potential to be utilized in the design and construction of novel types of supramolecular nanovalves. Significantly, the last point is that apart from loading anticancer drugs or corrosion inhibitors, as this review has mainly focused on, other important applications can also be covered in the consideration of designing new types of porous nanomaterials that are gated with supramolecular nanovalves. For instance, enzymes can be enclosed into the inner channels, where enzymatic catalysis could happen, while the opening and shutting of exterior pores can be manipulated by the modified supramolecular nanovalves, making the whole system a gated nanoreactor. [54] The possibilities of finding new application stages are boundless. [55] [56] Up till now, applications of the controlled release systems based on supramolecular nanovalves have experienced the transference from in vitro environments to tissues, then to living organisms. With their performance optimized gradually, we believe that on account of the broad range and diverse properties of nanomaterials, and the unlimited developing potential of supramolecular chemistry, the creation of more advanced controlled release nanosystems can be expected.
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